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Abstract
The parameters influencing the band gap of tin sulphide thin nano-crystalline films have been investigated.
Both grain size and lattice parameters are known to influence the band gap. The present study initially
investigates each contribution individually. The experimentally determined dependency on lattice parameter
is verified by theoretical calculations. We also suggest how to treat the variation of band gap as a two variable
problem. The results allow us to show dependency of effective mass (reduced) on lattice unit volume.
1. Introduction
The photovoltaic industry has been growing
rapidly over the recent years due to the increasing
demand for low cost and yet high efficiency solar
cells. Tin Sulfide (SnS), a IV-VI group semicon-
ductor having orthorhombic double layered structure
with weak Van der Waals bonds between the layers,
is considered a potential candidate due to its proper-
ties like high absorption coefficient (∼ 104cm−1) and
band gap (of the order of ∼ 1.1 − 1.6 eV) [1, 2]. SnS
films are amphoteric in nature, i.e., they can exist
either as ‘n’-type or ‘p’-type depending on the fab-
rication conditions [3, 4]. SnS properties are also
anisotropic [5, 6, 7] which along with its amphoter-
ism demands an extensive investigation into its prop-
erties.
We have noticed that the orientation with which
SnS films are fabricated depends on the substrate it is
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grown on. This in turn influences the lattice param-
eters. The grain size of the films showed thickness
dependence. This allowed us to study the properties
of SnS thin films, such as band gap, as a function
of grain size and lattice parameters. We are hence
in a position to experimentally comment on the ef-
fective mass of the charge carriers. Finally, we have
compared our experimental results with the theoreti-
cal calculations made.
2. Experimental
Thin SnS films of varying thicknesses were fabri-
cated by thermal evaporation of SnS pellets on op-
tically flat glass and ITO substrates (150 nm thick
layer of Indium tin oxide grown on glass substrate)
maintained at room temperature using a Hind High
Vac (12A4D) thermal evaporation coating unit at
vacuum better than 4 × 10−5 Torr. The starting ma-
terial was 99.99% pure SnS powder provided by Hi-
media (Mumbai). The thickness of the films were
measured using Dektak surface profiler (150). The
structural analysis of the samples were done using
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X-ray Diffractometer (Bruker D8 X-ray Diffractome-
ter) operating at 40 KV, 40 mA with CuKα radiation
(=1.5406 Å) and Transmission Electron Microscopy
(Technai T30U Twin). The optical absorption and
transmission spectra of the films were recorded using
an UV-Vis Double Beam Spectrophotometer (Sys-
tronics 2202) over the range of 300-1000 nm. The
slow evaporation rate ensured the films were essen-
tially defect free and exhibited a n-type conductivity,
as was confirmed by Hot-probe measurements.
3. Results and Discussion
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Figure 1: X-ray diffraction pattern of SnS films of comparable
thicknesses grown on glass and ITO substrates. Filled circles
indicate peaks of ITO substrate.
3.1. The Structural and Morphological Analysis
In this study, we have compared n-type SnS films
grown on glass and ITO substrates of different thick-
nesses. The X-Ray Diffraction (XRD) profile for
two comparable thicknesses are shown in fig. 1.
The nature of pattern remained the same for in-
creasing thickness with only exception in case of
films fabricated on ITO substrates where the ITO
peaks contribution decreased with increasing thick-
ness. Both diffraction patterns matched well with
the orthorhombic structure reported in ASTM card
83-1758 which reports the lattice parameters as
a=4.148Å, b=11.48Å and c=4.177Å. However, the
diffraction peaks corresponding to the (040), (131)
and (020) planes were prominent for films grown on
glass substrates while the films on ITO substrates
shows the peaks corresponding to the (040), (131),
(200) and (151) planes.
Figure 2: Tramsmission Electron Microscope images compare
the layered structure of SnS films on glass and ITO substrates.
To investigate further, we have studied the samples
using High Resolution Transmission Electron Micro-
scope (HRTEM). The HRTEM images of SnS film
on glass and ITO substrates are shown in fig. 2. The
layered structure of the films is evident from the par-
allel lines seen. The interplanar distances can be di-
rectly measured from these images. The interplanar
distance can also be calculated from XRD data using
the formula [8]
1
d2 =
h2
a2
+
k2
b2 +
l2
c2
(1)
where a, b, c are the lattice parameters and h, k, l
are the Miller indices given in the ASTM card. The
interplanar distances evaluated from HRTEM micro-
graphs of samples grown on glass were found to be
around 0.285 nm. Considering that b/4 ≈ 0.285 nm,
this would imply that the lines seen in the micrograph
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are SnS layers arranged in the ‘ac’ plane with ‘b’ axis
parallel to the substrate, or we may say our films have
preferred orientation with the (040) planes perpen-
dicular to the substrate. This orientation promises
to be mechanically stable [9]. However, inter-planar
distances measured from the micrographs of samples
grown on ITO substrates are ≈ 0.31 nm. This is due
to the ‘ac’ planes making an angle of≈ 67o caused by
the ‘b’ axis making an angle of ≈ 23o with respect to
the substrate (see fig 3).
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Figure 3: Schematics shows orientation of our SnS samples on
the two substrates.
Other then exhibiting polycrystallinity, fabricated
films also exist in a state of stress, as is evident
from the compressions or elongations experienced
by the lattices. The lattice are said to be in a state
of stress, also refered as “residual stress”. Resid-
ual stress are remanent unbalanced forces existing in
the lattice due to the rapid condensation of material
during film fabrication, or due to curvatures on the
substrate and/or due to film-substrate interface etc.
Residual strain can be evaluated from the displace-
ment of the X-ray diffraction peaks from which lat-
tice parameters are then evaluated. The lattice strain
is given as [10]
δ =
lOBS − lAS T M
lAS T M
(2)
where ‘l’ is the lattice parameter of the observed
(subscript ‘OBS’) and single crystal (subscript
‘ASTM’) sample. Using the values of the elastic
constants, stress can be calculated using the strain
values. We have calculated the lattice parameters for
all our samples and shall comment on their signifi-
cance subsequently.
To investigate the variation of grain size with sub-
strate and film thickness, we have calculated the av-
erage grain size of the films. The calculation were
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Figure 4: Variation in grain size with film thickness for SnS
films grown on glass and ITO substrates.
made using the Full Width at Half Maxima (FWHM)
of the XRD peaks in the Scherrers formula [2, 8, 11]
r =
0.9λ
βcosθ
(3)
where ‘r’ is the grain size, β is the FWHM, θ and
λ have their usual meanings. The grain sizes were
found to vary from 11 to 18 nm depending on the
film thickness in both substrates. However, it is clear
from fig. 4 that for comparable film thickness we get
larger grains of SnS on ITO substrates. Devika et
al [12] have argued that SnS nucleation is easier on
ITO compared to glass because of its crystalline na-
ture.
We have observed that SnS films on glass sub-
strates have the same values for ‘b’ and ‘c’ as in sin-
gle crystal. However a tensile stress exists along the
‘a’ direction (i.e. aOBS > aASTM). In contrast to this,
samples on ITO showed a compression along the ‘c’
direction which within experimental limits is con-
stant for all film thicknesses. The lattice parameter
‘b’ remained equal to that of single crystal. Similar
to the case of films on glass, here also a tensile stress
existed along the ‘a’ axis. To summarize, SnS films
grown on ITO have an exagerated tensile force acting
along the ‘a’ direction and compressive forces act-
ing along the ‘c’ direction resulting from the ‘b’ axis
not being parallel to the ITO substrate. This, hence,
gives us an opportunity to study the properties of SnS
3
films and look into how variation in grain size, lattice
parameter and orientation manifests itself on them.
3.2. Optical Analysis
The optical properties of a material are represented
by its band gap and refractive index. Both these in-
formations are evaluated from the UV-visible absorp-
tion/ transmission spectra. The absorption coefficient
(‘α’) is calculated followed by which using the stan-
dard Tauc method [13] the band gap of films are ob-
tained by extrapolating the linear part of (αhν)2 vs
hν plot to the ‘X’-axis. The variation of band gap
with grain size of SnS films grown on ITO and glass
substrates are shown in fig. 5. Though the trends are
similar, the absolute values are different possibly due
to the different crystal orientation or lattice paramter,
i.e. crystallinity, stress and orientation effect band
gap values [6, 14, 15]. The trend follows [16]
E = Eg(bulk) + ~
2pi2
2
(
1
m∗e
+
1
m∗h
)
1
r2
(4)
or
E = Eg(bulk) + ~
2pi2
2µ∗r2
(5)
where Eg(bulk) is the band gap of SnS in bulk, ‘m∗e’
and ‘m∗h’ are the effective mass of electron and holes,
respectively.
This result is consistent with properties induced by
quantum confinement of charge carriers [16]. Again
this result confirms that SnS grains of 11-25 nm are
in the nano-regime. It would appear that the SnS
grains with size greater than 25 nm would have band
gap similar to the bulk. Curve fits to the data points
of fig. 5 give Eg(bulk) for glass and ITO as 1.707 and
1.65 eV respectively. We believe the difference in
value is a result of the different orientations in which
the SnS film exists on glass and ITO substrates. The
above data also allows us to explore variation in ef-
fective mass along different directions of SnS crys-
tal. We however, can only comment on the reduced
effective mass (µ∗) using our experimental data. The
reduced effective mass from curve fitting is 0.68mo
and 0.65mo for samples on glass and ITO substrates
respectively, where mo is the rest mass of free elec-
tron.
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Figure 5: Variation of the band gap with grain size.
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Figure 6: A linear variation is found in SnS band gap with in-
creasing lattice parameter ‘a’.
As can be seen from Fig. 6, the band gap of SnS
thin films increases with increasing lattice parame-
ter ‘a’. As explained by eqn (2), an increase in lat-
tice parameter is indicative of a stress acting along
‘a’. Fig 6 shows that the stress is more in films fabri-
cated on ITO substrates [17]. The difference in strain
(strainglass < strainITO) stems from the difference in
orientation between the films on different substrates.
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The data points from both the substrates do not lie
on a single line. This is indicative of the fact that
SnS band gap depends on the lattice parameter and a
second variable, possibly the grain size (from fig 5).
Experimentally, the different substrate used and vari-
ation in film thickness allowed us to control the two
“variables”. Theoretically, however, we can only
study the variation of band gap as a function of lat-
tice parameters (or in other words unit cell volume).
In the next section we investigate the results of fig 6
using theoretical calcultions.
4. Band Structure Calculation
The band structure of SnS has been theoretically
evaluate quite extensively [7, 9, 10, 18, 19]. We have
performed ab initio calculations of the SnS electronic
band structure in the framework of the density func-
tional theory (DFT) as implemented in the WIEN2k
software [20], adopting the Engel-Vosko approxima-
tion for the exchange-correlation potential. We an-
alyzed the energetic behavior of the compound with
the inclusion of the spin orbit interaction. For the
calculations we have used the lattice parameters ob-
tained experimentally for the various SnS films with
4 Sn and 4 S atoms (8 atoms) per unit cell, form-
ing two parallel zigzag chains. To achieve total con-
vergence in the self-consistent calculations, we used
RKMAX equal to 7, and a converged sampling of
194 k-point in the first Brillouin Zone (BZ).
4.1. Structure of SnS for various lattice parameters
As stated in the preceeding section, we had de-
posited SnS films on ITO and glass substrates.
We experimentally determined the lattice parameters
for these samples. Using these lattice parameters,
we computed the band structure of SnS thin films
(Fig. 7). Since the lattice parameter ‘b’ showed in-
significant variation with thickness in samples grown
on glass and ITO substrates, we conclude that ‘b’ lat-
tice parameter does not contribute to the variation in
band gap. Also, its contribution is only along the
Γ→ Y direction of the BZ [7] where the “energy dif-
ference” (difference in valence band maximum and
conduction band minimum) is too large to be consid-
ered as energy band gap associated with SnS.
However, many other valence band maximas and
conduction band minimas are visible in the Γ→ X
and Γ→ Z. In fact, in one of the author’s previ-
ous studies [19] it was demonstrated that SnS and
their related IV-VI orthorhombic compounds exhibit
several direct and indirect gaps which are close in
energy and competing to form the band gap. This
makes it difficult to precisely determine whether the
band gap is direct or indirect (confirmed by experi-
mental works also [22, 23, 24]). Careful analysis of
Fig. 7 show two comparable energy differences each
contributing to the energy band gap of SnS films on
glass and ITO substrates respectively. The calculated
band gaps are smaller than the experimental ones
due to the well known underestimation that DFT pro-
vides. This, however, can be overcomed by including
the many-body electron-electron interaction, within
the GW Hedin and Lundskvit [25, 26] formalism.
We have previously calculated this correction for the
semiconductor SnS [27], obtaining a constant poten-
tial value of 0.38 eV giving a good agreement with
the experimental values. We have added this correc-
tion to all the calculated band gaps.
In SnS films grown on ITO substrates, the small-
est “energy difference” is the indirect gap between
the G1 maximum valence band at Γ point and the
minimum conduction band at C1, located at about
1/4 from the Z point. The second energy gap is a
quasi-direct energy gap formed between the V1 rel-
ative maximum in the valence band, and the same
minimum of the conduction band at C1. Both gaps
are approximately equal and show the same varia-
tion with the normalised lattice’s unit cell volume
(fig 8). For obtaining the normalised lattice’s unit
cell volume, the stressed lattice’s unit volume is di-
vided by the volume listed in the given ASTM Card
(henceforth lattice’s unit cell volume would imply
normalised lattice’s unit cell volume).
The films on glass substrates also show two im-
portant energy gaps, they are quasi-direct, one along
along the Γ→ Z direction of the BZ that occurs at
1/4 from Z point and second along the Γ→ X direc-
tion of the BZ. The variation of band gap with lat-
tice’s unit cell volume is shown in fig (8). In fig (8),
we have included the experimental data also (black
solid and dashed trendlines are for SnS films on glass
and ITO substrates respectively). Considering that
5
Figure 7: Results of electronic band structure calculations for SnS thin films on ITO and glass substrates. The GW constant potential
added to the calculated band gaps are not shown in these figures.
the experimental method adopted to evaluate band
gaps can not resolve the Γ→ X and Γ→ Z contribu-
tions, the average of the band gaps calculated along
the Γ→ X and Γ→ Z directions also compared with
those of the experimental data. The trendlines (slope)
matched well (not shown in fig 8 for brevity).
Considering that the variation in lattice parame-
ters would result in residual stress effects that would
manifest as pressure, we expect changes in conduc-
tion band, valence band shapes and band gaps [10,
19]. Georgies et al [10], Makinistian et al [19] and
Parenteau et al [21] works show that the band gap of
SnS is directly proportional to the unit cell’s volume,
with band gap approaching small values as volume
decreases. Fig 8 show the results of our calculations
for samples grown on ITO and glass respectively for
different thicknesses. The linearity is in confirmation
of results in literature and experimental results high-
lighted in fig (6) and fig (8). The theoretical work
hence matches and substantiates the experimental re-
sults. However, the theoretical calculations of band
structure does not take into account grain boundary
and hence is not in a position to comment on the
variation of band gap with grain size. As stated in
our section on experimental results, the band gap de-
pends on both the grain size and lattice’s unit cell
volume (via lattice parameter). To this extent, we be-
lieve that the two variables are acting independent of
each other and are hence separable. Eqn (5) should
then be written as
E(r,V) =
[
A +
B
r2
] (
m
V
Vo
)
=
(
V
Vo
)
Eg(bulk) + ~
2pi2V
2µ∗Vo
(
1
r2
)
(6)
Fig (9) shows a three dimensional plot of our ex-
perimental data along with data collected from vari-
ous literature [11, 12],[28]-[35] on SnS thin films. It
is seen that the data points arrange themselves along
two family of graphs, namely on V/Vo ≈ 0.975 and
6
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Figure 8: Plots show the band gaps of SnS films as a function
of the lattice’s unit cell volume. Full squares (trend marked
by a green solid line) represents the quasi-direct band gaps in
the ‘c’ axis direction (Γ→ Z direction in the BZ) while the full
triangles (trend marked by green dashed lines) gives the direct
band gaps in the ‘a’ axis direction (Γ→ X direction in the BZ)
for SnS films on glass substrates. The unfilled squares (trend
marked by a red solid line) represents the quasi-direct band gaps
in the ‘c’ axis direction (Γ→ Z direction in the BZ) while the
unfilled triangles (trend marked by red dashed lines) gives the
indirect band gaps in the ‘c’ axis direction (Γ→ Z direction
in the BZ) for SnS films on ITO substrates. For comparing,
full circles and unfilled circles with black solid lines are given
which represent the experimental band gaps of SnS films on
glass and ITO substrates respectively.
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Figure 9: The band gap is plot as a function of normalized
lattice volume and grain size (GS). The points arrange in two
curves, namely V/Vo ≈ 0.98 and V/Vo ≈ 1 (data points indi-
cated with triangles and circles respectively). The source of
references are indicated. (Color is available online)
0.995 for various grain sizes. A large volume of data
exists for V/Vo ≈ 0.995 − 1. Again if we consider
eqn (5) to be valid, then a family of curves should
not have existed. If forced to curve fit, then iden-
tical values of Eg(bulk) and ~2pi22µ should returnned.
This is not the case. A look into the derivation of
Brus [16] eqn (5) would show that it considers the
electron’s Coulombic interactions only. This inter-
action become prominant only when the electrons
are confined in grains whose dimension are on the
nano-scale. In large crystals, these interactions are
neglected since the electrons are far apart and their
interactions are only with the lattice potential whose
periodicity is related to the lattice parameter. The
curvature of the band structures thus formed due to
the electron lattice potential interaction, is related to
the magnitude of the effective mass. Our results sug-
gest, that even at the nano-scale, the electron lattice
potential interaction can not be neglected and has to
be considered along with the electron-electron inter-
action potential. Results emerging from fig (9) sug-
gest that resulting Schrodinger equation is solvable
by separable variable method leading to an expres-
sion like eqn (6).
Correcting for the lattice parameter, we have re-
duced effective mass for (V/Vo ≈) 0.975 and 0.995
as 0.247mo and 0.279mo, respectively. This is more
near to the values given in literature by theoretical
calculations [5, 9, 10] and confirmed by our own the-
oretical calculations. The data points on the two set
of curves of fig (9) are from various sources and in-
clude those on glass and ITO substrates. Hence, the
trend now is fully explained by grain size and lattice
parameter.
5. Conclusions
The variation in experimental data of SnS thin
nano-crystalline film’s band gap in the present work
and of those from the literature are completely ex-
plained by considering it to be a two variable prob-
lem. The band gap depends on the grain size and the
lattice volume through the lattice parameters. Theo-
retical calculations have been used where ever pos-
sible to corroborate the results. The results are of
significance in Material Science where material char-
acteristics are manipulated as per requirement.
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